A bdominal aortic aneurysm (AAA) is a common vascular disease, which occurs in ≈4% to 8% of men aged 65 to 80 years.
A bdominal aortic aneurysm (AAA) is a common vascular disease, which occurs in ≈4% to 8% of men aged 65 to 80 years. 1 Aortic rupture is the most feared clinical consequence of AAA progression, resulting in mortality in ≈90% of cases. [2] [3] [4] Because AAA usually progresses without symptoms, AAA is often discovered in advanced stage. At present, surgical aortic replacement and endovascular stent graft repair are performed as standard definitive therapies for AAA. However, there is no effective medical therapy to prevent aortic rupture in AAA. Although several studies have reported the pathophysiology of AAA, the mechanisms of AAA formation are largely unknown. Therefore, it is necessary to investigate the molecular pathophysiology of AAA to find noninvasive strategies for the prevention of AAA.
Iron is an essential element for maintaining physiological function. However, excess iron causes tissue damage by oxidative stress via the Fenton/Haber-Weiss reaction. 5 Therefore, iron is involved in the pathophysiology of several diseases including cardiovascular diseases. In fact, we have previously shown that iron accumulation and superoxide production are observed in the renal tubules of a rat model of chronic kidney disease. 6 Lee et al 7 have shown that iron accumulation is observed in the atherosclerotic lesions of apolipoprotein E knockout mice. Most recently, Martinez-Pinna et al 8 have demonstrated that iron is deposited in human AAA walls. Meanwhile, we have also reported that dietary iron restriction (IR) prevents the development of hypertension and proteinuria with inhibition of oxidative stress and inflammation in Dahl salt-sensitive hypertensive rats. 9 Although oxidative stress and inflammation are well known to be involved in the development of AAA formation, it has not been investigated whether iron is associated with the pathophysiology of AAA through oxidative stress and inflammation. Furthermore, the effects of dietary IR on AAA formation remain unknown. In the present study, we investigated whether iron is involved in the pathophysiology of AAA. In addition, we examined the effects of dietary IR on the development of AAA through oxidative stress and inflammation in a murine model of AAA.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results

Iron Accumulation in Human AAA Walls
We first examined iron accumulation in human AAA walls. The patient characteristics are shown in the Table. There was no significant difference between 2 groups except the proportions of male and smoking patients. Berlin blue staining revealed that iron was markedly accumulated in AAA walls but was not detected in non-AAA walls ( Figure 1A ). Aortic iron content of tissue homogenate was also increased in AAA walls compared with non-AAA walls ( Figure 1B) . Next, we performed immunohistochemistry for 8-hydroxy-2′-deoxyguanosine (8-OHdG) to assess oxidative stress in human aortic walls. Focal 8-OHdGpositive areas were constantly detected in AAA walls, whereas few positive areas were found in non-AAA walls ( Figure 1A ; Figure I in the online-only Data Supplement). In immunohistochemistry for CD68, we found extensive infiltration of macrophages in AAA walls but, in non-AAA walls, CD68-positive cells were scarcely detected ( Figure 1A ; Figure I in the onlineonly Data Supplement). By serial sections of human AAA walls, the distribution of Berlin blue-positive area was similar to that of 8-OHdG and CD68-positive areas ( Figure 1A) . Furthermore, the extent of Berlin blue-positive area in AAA walls positively correlated with that of both 8-OHdG and CD68-positive areas in morphometric analysis ( Figure 1C and  1D) . Thus, these results from human aortic walls suggest that iron is involved in the pathophysiology of AAA and is associated with oxidative stress and inflammation in AAA.
IR Inhibited Angiotensin II-Induced AAA Formation
We then examined whether iron is involved in the pathophysiology of a murine model of AAA. Berlin blue staining demonstrated that iron was accumulated in AAA walls of angiotensin II (AngII) mice as well as in human AAA walls (Figure 2A ; Figure  IIA in the online-only Data Supplement). Aortic iron content of AngII mice was significantly increased compared with that of control mice ( Figure 2B ). The extent of 8-OHdG-positive area showed similar results as that of Berlin blue staining (Figure 2A ; Figure IIA and IIB in the online-only Data Supplement). The extent of F4/80-positive area was also increased in AAA walls of AngII mice compared with control mice (Figure 2A ; Figure  IIA and IIB in the online-only Data Supplement). We next investigated the effects of dietary IR on AAA formation in this murine model. AngII mice demonstrated 67% incidence of AAA, whereas dietary IR reduced the incidence of AAA to 6% ( Figure 2C ). During the experimental period, 10 of 27 mice (37%) died of aortic rupture in AngII mice but not in AngII-IR mice. Maximal abdominal aortic diameter was significantly increased in AngII mice compared with control mice, while this change was attenuated by IR ( Figure 2D and 2E). Systolic blood pressure was increased in both AngII and AngII-IR mice compared with control mice, and there was no significant difference between AngII and AngII-IR mice ( Figure 2F ). Aortic iron content was lower in AngII-IR mice than in AngII mice ( Figure 2B ), and aortic iron accumulation was hardly detected in the abdominal aortas of AngII-IR mice ( Figure 2G ). Neither aortic 8-OHdG nor F4/80 was detected in AngII-IR mice ( Figure 2G ). As shown in Table II in the onlineonly Data Supplement, red blood cell counts were not different among the 3 groups. Blood hemoglobin content was higher in AngII mice than in control mice, whereas blood hemoglobin content and hematocrit value were decreased in AngII-IR mice compared with those in AngII mice. Serum iron levels were increased in AngII mice when compared with control mice, whereas serum ferritin levels were not different between control and AngII mice. Meanwhile, serum iron and ferritin levels were decreased in AngII-IR mice when compared with those in AngII mice. Serum erythropoietin levels were not statistically different among the 3 groups. These results indicate that dietary IR inhibits the development of AAA formation with attenuation of oxidative stress and inflammation in AngII-induced AAA mice.
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IR Attenuated Inflammatory and Fibrotic Responses in AngII-Induced AAA Mice
It is well known that inflammation and fibrosis are important in the mechanisms of AAA formation. Figure 3A-3C ). Aortic expression of inflammation-related genes, such as F4/80 and monocyte chemotactic protein-1, was increased in AngII mice, whereas these increases were attenuated by IR ( Figure 3D ). Aortic interleukin-6 gene expression tended to be increased in AngII mice, but not in AngII-IR mice ( Figure 3D ). Similar to inflammation-related genes, aortic expression of tumor growth factor-β, Collagen I, and Collagen III was increased in AngII mice, whereas these increases were suppressed in AngII-IR mice ( Figure 3E ).
IR Attenuated Aortic Matrix Metalloproteinase Activity and c-Jun N-Terminal Kinase Phosphorylation in AngII-Induced AAA Mice
To find out the mechanism of suppressive effects of dietary IR on AAA formation, we evaluated aortic matrix metalloproteinase (MMP) activity and c-Jun N-terminal kinase (JNK) phosphorylation in AngII-induced AAA mice. Both MMP-2 and MMP-9 activities were increased in the aortas of AngII mice, whereas these increases were attenuated in AngII-IR mice ( Figure 4A ). JNK phosphorylation was increased in the aortas of AngII mice, and it was suppressed in AngII-IR mice ( Figure 4B ). Phosphorylation of extracellular signal-regulated kinase (ERK) and p38 was not different among the 3 groups ( Figure 4B ). To understand whether iron contributes to AngII-induced AAA formation, we looked at aortic histological changes, MMP activities, and JNK phosphorylation in AngII mice at 5 days after AngII infusion before AAA formation. Histological analysis revealed that AAA was not observed in AngII-5d mice, and aortic structure did not change in AngII-5d mice compared with control mice ( Figure  IVA in the online-only Data Supplement). Aortic 8-OHdG and F4/80-positive areas were not detected in AngII-5d mice ( Figure  IVA in the online-only Data Supplement). Aortic MMP-2 activity was not different among the 3 groups, whereas aortic MMP-9 activity was increased in AngII-5d mice compared with control mice and dietary IR suppressed its increase ( Figure IVB in the online-only Data Supplement). In addition, aortic phosphorylation of ERK and p38 did not change in these groups but aortic JNK phosphorylation was increased in AngII-5d mice compared with control mice, and it was attenuated in AngII-5d-IR mice ( Figure IVC in the online-only Data Supplement).
Transferrin Receptor 1 Expression in Human and Murine AAA Walls
Because iron is transported into cells through intracellular iron transport protein, transferrin receptor 1 (TfR1), 12 we assessed aortic TfR1 expression to investigate the mechanism of iron accumulation in AAA walls. TfR1 expression is generally upregulated under low iron condition. 5 Interestingly, both Western blot and immunohistochemical analysis revealed that TfR1 expression was increased in human AAA walls compared with non-AAA walls (Figure 5A and 5B; Figure VA and VB in the online-only Data Supplement). TfR1 expression was also increased in AAA walls of AngII mice compared with control mice ( Figure 5F ). These positive areas were detected in AAA walls of all CaCl 2 -induced AAA mice (n=4/4). In addition, ferroportin is known to play a key role in regulating macrophage iron content. 13 Thus, we assessed aortic ferroportin expression in AngII mice. Ferroportin expression was also increased in AAA walls of AngII mice compared with control mice ( Figure VI in the online-only Data Supplement).
Iron Chelation Attenuated MMP Activity and JNK Phosphorylation in Macrophages
Iron was involved in MMP activity and JNK phosphorylation in AAA walls, and iron accumulation was detected in macrophages of AAA walls. From these results, aortic iron accumulation in macrophages was considered to be associated with MMP activity and JNK phosphorylation in AAA walls. Therefore, we further investigated whether iron is involved in MMP activity and JNK phosphorylation in macrophages in vitro. MMP-9 activity was increased in AngII-treated THP-1 cells, whereas iron chelation with deferoxamine (DFO) suppressed this activity ( Figure 6A ). In addition, JNK phosphorylation was increased in AngII-treated in THP-1 cells, whereas DFO treatment attenuated this increment. Phosphorylation of ERK and p38 did not alter with or without DFO in AngIItreated THP-1 cells ( Figure 6B ). Finally, we assessed TfR1 and ferroportin expression in AngII-treated THP-1 cells. We noticed that the expression of TfR1 and ferroportin was increased in AngII-treated THP-1 cells compared with vehicle-treated cells ( Figure VIIA 
Discussion
Iron and Oxidative Stress in AAA Walls
Oxidative stress contributes to the pathophysiology of inflammation and tissue damage. 14, 15 These features are common to many chronic diseases including cardiovascular diseases. 16, 17 It is obvious that AAA demonstrates not only passive enlargement of aortic wall but also inflammation and tissue degradation. During the past decade, oxidative stress is reported to be one of important components in the pathogenesis of AAA. 18 Oxidative stress is increased in AAA walls, and it causes aortic structural disorder through activation of inflammation and proteolytic enzyme. 10, 11 These processes progressively weaken aortic walls and lead to AAA formation. In addition, previous studies have reported that antioxidant subjects inhibit AAA formation via attenuation of MMP activity in murine AAA models. [19] [20] [21] Therefore, oxidative stress is considered to be one of the therapeutic targets for AAA. However, it is well known that iron is a powerful mediator of oxidative stress. 5 Excess iron promotes reactive oxygen species production through the Fenton/Haber-Weiss reaction, thereby leading to tissue damage. Hence, iron is reported to be associated with various diseases. We have previously demonstrated that iron is involved in the pathophysiology of hypertension and chronic kidney disease. 6, 9, 22, 23 Moreover, these reports have shown that dietary IR attenuates the progression of cardiovascular remodeling and oxidative stress. We, therefore, hypothesized that iron is also involved in the pathophysiology of AAA and dietary IR could inhibit AAA formation via suppression of oxidative stress. In the present study, iron accumulation was increased in human and murine AAA walls compared with non-AAA walls, and iron accumulated area was close to 8-OHdGpositive area in AAA walls. Furthermore, dietary IR attenuated the incidence of AAA along with suppression of aortic iron accumulation and oxidative stress in AngII-induced AAA mice. Collectively, these results suggest that iron is involved in the pathophysiology of AAA through oxidative stress.
Iron and Inflammation in AAA Walls
Macrophage-mediated vascular Inflammation plays a key role in the pathophysiology of AAA. 11 For instance, macrophages secrete inflammatory cytokines and MMP in response to oxidative stress in aortic walls, which lead to aortic structural disruption. 20, 24, 25 Meanwhile, iron homeostasis is reported to be associated with macrophage immune functions. 26, 27 In this study, we demonstrated that iron accumulation and macrophage infiltration were detected in human and murine AAA walls compared with non-AAA walls, and iron accumulated area was close to macrophage infiltrated area in AAA walls. In addition, dietary IR inhibited AAA formation with attenuation of aortic iron accumulation and macrophage infiltration in AngII-induced AAA mice. Dietary IR also suppressed inflammatory-related gene expression and MMP activity in these mice. Moreover, iron chelation with DFO suppressed MMP activity in AngII-treated THP-1 cells. Taken together, these results indicate that iron is associated with macrophage-mediated vascular inflammation in AAA walls.
Mechanism of Iron Accumulation in AAA Walls
Several studies have reported that intravascular hemorrhage and thrombus were complicated with AAA. 28, 29 Thus, intravascular hemorrhage and thrombus are considered to be one of causes of aortic iron accumulation. Although we removed adherent thrombus from human AAA walls as much as possible in this study, adherent thrombus may still have remained. Therefore, it is difficult to exclude the possibility of iron from the remaining thrombus in human AAA walls. This issue is an important limitation of this study. However, iron accumulation was detected in both AngII-and CaCl 2 -induced AAA walls in mice. Intravascular hemorrhage and thrombus are not complicated with CaCl 2 -induced AAA walls in mice. 10 In addition, Berlin blue staining is dyed in response to trivalent ferric ion (Fe 3+ ), but not bivalent ferric ion (Fe 2+ ). Because hemoglobin is consisted of Fe 2+ , iron inside hemoglobin is not stained by Berlin blue staining directly. These findings indicate that there are other mechanisms of aortic iron accumulation than intravascular hemorrhage and thrombus in AAA walls.
Iron is vital for organisms and contributes to a wide range of metabolic processes. However, because excessive iron leads to tissue damage, tissue iron concentration is tightly regulated. Intracellular iron transport occurs through TfR1 when iron uptake is needed. 12 Therefore, TfR1 expression is normally upregulated under low iron condition. In contrast, high iron condition makes TfR1 downregulation. 5 In this study, we found increased iron content and TfR1 expression in both human and murine AAA walls. These results suggest that dysregulated aortic TfR1 may induce aortic iron overload. Furthermore, aortic expression of ferroportin as a key regulator of macrophage iron content 13 was increased in AngII mice compared with control mice. Failure of iron homeostasis in AAA walls may cause aortic iron overload with oxidative stress and inflammation, which may contribute to AAA formation.
IR Attenuates MMP Activity and JNK Phosphorylation in AAA Walls
AAA is characterized by a permanent dilation of aortic walls, which results from extracellular matrix degeneration. MMP activation is known as a major cause of aortic wall disruption, and its activation is reported to be regulated by JNK in AAA walls. 30 Consistent with these report findings, MMP-2 and MMP-9 activities and JNK phosphorylation were increased in AAA walls of AngII mice. Dietary IR attenuated these increments and inhibited AAA formation in AngII mice. Of interest, aortic MMP-9 activity and JNK phosphorylation were increased in AngII mice at 5 days after AngII infusion before AAA formation; however, aortic oxidative stress and inflammation were not increased in AngII-5d mice compared with control mice. Meanwhile, dietary IR attenuated these increases of aortic MMP-9 activity and JNK phosphorylation in AngII-5d mice. These results suggest that iron is associated with aortic MMP-9 activity and JNK phosphorylation without involvement of oxidative stress and inflammation in an acute phase (5 days) of AngII-induced AAA formation. However, in a chronic phase (4 weeks) of AngIIinduced AAA formation, iron may contribute to aortic MMPs activities and JNK phosphorylation along with the increments of oxidative stress and inflammation. In addition, iron chelation with DFO inhibited MMP activity and JNK phosphorylation in AngII-treated THP-1 cells. Because macrophages are reported to secrete mainly MMP-9, 25 DFO may not affect MMP-2 activity in THP-1 cells. However, these results suggest that iron may be associated with MMP activity and JNK phosphorylation of macrophages in AAA walls. Therefore, iron accumulation in macrophages could be involved in AAA formation through increment of aortic MMP activity and JNK phosphorylation.
In this study, phosphorylation of ERK and p38 was not increased in AngII mice and AngII-treated THP-1 cells. It is generally reported that phosphorylation of ERK and JNK is increased in AngII-induced AAA tissues, whereas p38 phosphorylation is not changed in AAA walls. 31 However, it is reported that phosphorylation of ERK and JNK vary by the region of aorta. 32 Because we used whole aortic tissues to examine protein expression, this apparent discrepancy may have occurred because of these concerns. Meanwhile, AngII is known to induce mitogen-activated protein kinase (MAPK) phosphorylation in THP-1 cells. 33 Many in vitro studies examined MAPK phosphorylation at 24 hours after AngII treatment. [33] [34] [35] To assess the effects of iron chelation on MAPK phosphorylation after AngII treatment, we examined MAPK phosphorylation at 48 hours after AngII treatment. Thus, some discrepancies in THP-1 cells may have been caused by the differences in experimental protocol.
IR for Patients With AAA
Several previous reports have documented that active reduction of iron stores by phlebotomy can reduce the risk for future cardiovascular events and new onset solid organ cancer as well. [36] [37] [38] We have previously reported that dietary IR prevents the development of hypertension and proteinuria with inhibition of oxidative stress and inflammation in Dahl salt-sensitive hypertensive rats. 9 Dietary IR is currently beginning to be performed as an alimentary therapy against patients with chronic hepatitis C. Iwasa et al 39 have reported that dietary IR improves aminotransferase levels in patients with chronic hepatitis C. Hepatic iron deposition is increased in patients with chronic hepatitis C, which leads to hepatic tissue damages. Meanwhile, total body iron stores in adult men are several folds higher than present in younger men or similarly aged (or younger) women. 40 In this study, serum iron levels were increased in AngII mice compared with control group, whereas serum ferritin levels were not different between control and AngII mice. Although future studies looking at underlying mechanisms how serum iron levels were increased in AngII mice are necessary, dietary IR alone is considered to have little effect on total body iron stores because serum ferritin levels were not different between control and AngII-IR mice. Our study revealed that oxidative stress and inflammation accompanied by iron overload were detected in human and murine AAA walls, and dietary IR inhibited AAA formation with suppression of oxidative stress and inflammation in AngII mice. Therefore, dietary IR may be a new therapeutic strategy for AAA formation.
Conclusions
In this study, we demonstrated iron accumulation with oxidative stress and inflammation in human and murine AAA walls and how dietary IR inhibits AAA formation in mice. Our results would indicate the involvement of iron in the pathophysiology of AAA with oxidative stress and inflammation, and thus dietary IR could be a new therapeutic strategy for AAA.
